Where anadromous fishes occur in the Canadian Arctic, they provide the mainstay of local subsistence fisheries of varying intensities. Many of these fisheries harvest a mixture of stocks at discrete locations and it is often not known which stocks, specifically, are being harvested and to what extent. In the Darnley Bay area of the Northwest Territories, Arctic char, Salvelinus alpinus, in particular have long provided an important subsistence resource to residents of Paulatuk, and char from two systems (the Hornaday and Brock Rivers) are thought to contribute to the coastal fishery for this species. Genetic mixed-stock analysis (GMA) is routinely applied for resolving stock contributions to such fisheries, yet studies incorporating GMA to understand specifically which stocks are being harvested in the Canadian Arctic, and to what extent, are relatively scarce. In this study, we assayed microsatellite DNA variation among 987 Arctic char from two important coastal subsistence fisheries and several inland sampling locations in the Darnley Bay area to (1) assess the degree of genetic structuring between the Hornaday and Brock Rivers and (2) resolve the proportional contributions of these stocks to coastal mixed-stock fisheries in the region using GMA. Overall, genetic differentiation was relatively high and significant (θ = 0.117; 95% C.I. = 0.097-0.142) among baseline sampling locations. Overall patterns of genetic stock structure also support previous hypotheses that additional life history types (e.g., landlocked or freshwater-resident char, or both) exist in the Hornaday system, as indicated by elevated levels of genetic differentiation between some of our sampling locations. The GMA suggested that, while both river systems contribute to the coastal fishery, catches were dominated by Arctic char from the Hornaday River, which highlights the importance of this system. All told, our results may be relevant to the management of the subsistence fishery in Darnley Bay and for furthering the collective understanding of char biodiversity and life history variation in the Canadian Arctic.
INTRODUCTION
Subsistence and commercial fisheries exist throughout the Arctic and have played vital roles in sustaining the traditional Inuit way of life, while also presenting employment opportunities within the local economies of northern communities (Kristofferson and Berkes, 2005; Roux et al., 2011a) . Subsistence fisheries, in particular, have been important for sustaining Inuit for millennia and have helped shape the contemporary distribution of northern and Arctic communities (Friesen, 2002 (Friesen, , 2004 . These fisheries often target anadromous fishes within marine environments or during their downstream or upstream migrations between fresh and marine waters (Kristofferson and Berkes, 2005; Roux et al., 2011a) . These migrations often result in the mixing of discrete fish stocks during summer feeding in marine habitats or during migrations to and from marine environments. Such mixed-stock fisheries can severely complicate fisheries management when it is not known which stocks are being harvested and to what extent (Utter and Ryman, 1993; Bradbury et al., 2016) . This is almost always the case for Arctic subsistence fisheries that target anadromous stocks in marine environments. Further complicating the management of these fisheries is the potential for temporal variation in the proportional contribution of discrete stocks to the harvest. Therefore, understanding which stocks are being harvested in these mixed-stock fisheries and their annual harvest levels has become an important objective for many fisheries managers (Krueger et al., 1999; Flannery et al., 2010; Bradbury et al., 2016) .
Arctic char (Salvelinus alpinus), in particular, have long been an important northern subsistence food source throughout their range and are widely considered one of the most important fish resources in the Canadian Arctic (Priest and Usher, 2004; Roux et al., 2011a; Zeller et al., 2011) . The Darnley Bay region of the Northwest Territories, Canada, currently supports a sustainable Arctic char subsistence fishery for the community of Paulatuk (PHTC, 1999; Harwood, 2009) . From 1968 to 1986, a commercial fishery for Arctic char existed in the region, and several annual quotas, ranging from 2300 kg to 6800 kg, were implemented (Kristofferson et al., 1989) . A decline in catch rates in the early 1980s resulted in the closure of the commercial fishery in 1987 (Harwood, 2009) . Still pervasive in the region, however, is subsistence fishing, the management of which follows guidelines highlighted in the Paulatuk Charr Management Plan (PHTC, 1999) . Between 2003 and 2013, the total coastal harvest of Arctic char in Darnley Bay ranged from 479 (in 2008) to 1793 (in 2009), the majority of which were harvested in the Hornaday River Delta and surrounding area (DFO, unpubl. data) . Arctic char are harvested primarily by gill nets at different locations and times of the year, in riverine and marine environments (Harwood, 2009; Harwood and Babaluk, 2014) . Late spring and summer fisheries take place in coastal areas near the community where two potential Arctic char stocks mix. These include Arctic char from the Hornaday River, which enters Darnley Bay 16 km east of Paulatuk, and Arctic char from the Brock River which enters Darnley Bay ~40 km to the east of the community (see Fig. 1 ). Given that these are the only two known Arctic char-bearing river systems that drain to Darnley Bay, it is probable that the coastal fisheries in the region are composed of mainly fish originating from these two rivers. Further, the relative contributions of Arctic char from these two rivers to the coastal fisheries likely vary by fishing location and between years. Additionally, landlocked Arctic char that have no access to marine environments and freshwater residents that have access to marine environments, but do not undertake anadromous migrations, have been confirmed in these two river systems (Babaluk et al., 1998; Roux et al., 2011b) , and traditional knowledge holders have recognized the existence of additional life history variation in the region for generations (Noel Green, Paulatuk resident, pers. comm. 2016) . Accordingly, the coastal and inland fisheries near the community of Paulatuk, which include Hornaday and Brock Rivers proper and freshwater lakes within these drainages, present opportunities to study a potential mixed-stock fishery and to discern and document additional life history variation (i.e., anadromous vs. resident vs. landlocked life histories) among Arctic char distributed within the Darnley Bay region. Currently, nothing is known about the relative proportions of discrete Arctic char stocks within Darnley Bay and their contribution to coastal fisheries. Furthermore, knowledge about life history variation among Arctic char in this region will add to our collective understanding of biodiversity in Canada's Arctic.
Mixed-stock analysis (MSA) is a modeling procedure that estimates the relative contributions of potential donor stocks to a mixture of fish that are being harvested (Utter and Ryman, 1993) . Fisheries managers use this method extensively to estimate the proportional contribution of stocks to mixed-stock fisheries. This is especially true on the west coast of North America, where mixed-stock analysis has been routinely used for decades on all Pacific salmon species (Seeb and Crane, 1999; Habicht et al., 2010; Beacham et al., 2011 Beacham et al., , 2012 Small et al., 2015) . Assessments of the utility of MSA in Canadian Arctic fisheries are only recently emerging (but see Harris and Taylor, 2010) . Several techniques have been used in MSA, including physical tagging (e.g., Gilbert, 1924) and identification through scale patterns (e.g., Cook and Guthrie, 1987) and parasites (e.g., Margolis, 1963) . In recent years, however, genetic methods, that is, genetic stock identification (GSI) and subsequent genetic mixture analyses (GMA), have become commonplace. Mixture analysis incorporating GSI differs computationally from traditional genetic assignment tests, which assign an individual to one potential contributing stock on the basis of its multilocus genotype. GMA, on the other hand, does not assign individual fish per se, but rather estimates the proportional contribution of source genotypes ("baseline" stocks potentially contributing to a fishery) to the mixed-stock fishery (Manel et al., 2005) . These fractional proportions are allocated to the corresponding baseline sampling locations, and the overall mixture proportions are estimated as the sum of all fractional assignments. This method is thought to be more accurate than traditional assignment tests (e.g., Hedgecock et al., 2001) and provides a powerful tool for resolving proportional contributions to mixed-stock fisheries, especially when coupled with genetic markers that resolve fine-scale patterns of genetic stock structure (e.g., Ruzzante et al., 2000; Harris and Taylor, 2010; Beacham et al., 2012; Small et al., 2015) .
This study aimed to better our understanding of contributions of Hornaday River and Brock River Arctic char to coastal, mixed-stock fisheries near the community of Paulatuk and to collect information that could be incorporated into the Paulatuk Charr Management Plan. Its specific objectives were to (1) describe patterns of genetic variation and the degree of differentiation between the Hornaday and Brock River systems through assessments of microsatellite DNA; (2) identify potential life history variants (e.g., anadromous, freshwater-resident, and landlocked) that best explain patterns of genetic variation among stocks within the Darnley Bay region; and (3) resolve appropriate anadromous baselines (individuals from discrete stocks contributing to the Darnley Bay coastal fishery) using GSI methods and subsequently apply GMA to estimate the relative annual contribution of discrete Arctic char stocks to these fisheries. It is the first assessment of genetic variation and genetic stock structure of Arctic char in this region of the Canadian Arctic. The ensuing GMA of Arctic char in Darnley Bay will be important for monitoring future change within this fishery and for managing the fishery to ensure its sustainability.
MATERIALS AND METHODS

Study Area
Our study focused on the watersheds of the Hornaday and Brock Rivers and the coastal areas of Darnley Bay, Northwest Territories, where coastal fishing for Arctic char takes place near the confluence of the Hornaday and Brock River systems ( Fig. 1 ). It is from within these two river systems-where spawning and overwintering occur-that anadromous stocks of Arctic char contribute to the coastal fisheries (Harwood and Babaluk, 2014) . The headwaters of the Hornaday River are located south of Bluenose Lake in the western Kitikmeot Region of Nunavut. The more than 300 km of meandering river travels westward along the southern border of the Melville Hills before entering the Northwest Territories, where it subsequently turns to the northwest, entering Darnley Bay approximately 16 km from the community of Paulatuk. Anadromous, landlocked, and freshwater-resident forms occur in the Hornaday River system (MacDonell, 1996 (MacDonell, , 1997 Reist et al., 1997; Babaluk et al., 1998) ; however, the genetic relationship between these life history types has never been examined. The headwater lake of the Brock River (i.e., Brock Lake) is located in the Melville Hills region of Tuktut Nogait National Park. The length of the Brock River from the main outlet of Brock Lake to its mouth in Darnley Bay is approximately 100 km. Brock Lake is known to support unexploited stocks of freshwater-resident and anadromous Arctic char, and the latter have been documented to travel as far as the mouth of the Hornaday River (Roux et al., 2011b) .
Sample Collection and Molecular Analyses
Samples of Arctic char assayed in this study were collected from two coastal subsistence fishing locations (the mouths of the Hornaday River and Lasard Creek in Darnley Bay) between 2009 and 2012 and from two corresponding inland locations where Arctic char were sampled in lakes near the community of Paulatuk, in the Hornaday River system in 1986 and 2011 and the Brock River system in 2011 (Table 1 ; Fig. 1 ). Coastal fishery samples were collected in July and August of each year as part of a community-based subsistence fishery monitoring program (Harwood, 2009) . Inland samples consisted of juvenile (pre-smolt < 150 mm) char that were presumed to be anadromous. They were collected via electro-fishing from the headwater lake of the Brock River (locally known as Brock Lake, Roux et al., Individual Arctic char genotypes were obtained at 18 microsatellite loci combined in four multiplex reactions (online Appendix 1: Table S1 ). For each locus, the forward primer was labeled with a fluorescent dye, and the reverse primer was PIG-tailed to reduce stutter and facilitate genotyping (Brownstein et al., 1996) . Each polymerase chain reaction (PCR) was performed in a 10 μL volume with 1 μL of genomic DNA. The PCR cycle was as follows: an initial denaturation step of 5 minutes at 95˚C; 35 cycles of denaturation (30 seconds at 94˚C), annealing (30 seconds at 55˚C), and extension (45 seconds at 72˚C); and a final extension cycle (30 minutes at 72˚C). Amplified microsatellite fragments were analyzed using an automated sequencer (ABI 3130xl Genetic Analyzer; Applied Biosystems, Foster City, CA) with the LIZ 600 size standard. All genotypes were scored using GeneMapper software (ver. 4.0, Applied Biosystems) and then manually inspected to ensure accuracy.
Genetic Data Analysis
For each sampling location and year, MICROCHECKER (ver. 2.2.0.3; van Oosterhout et al., 2004 ) was used to test for genotyping errors in the form of allele scoring inaccuracies, null alleles, and large allele dropout. Basic descriptive statistics of microsatellite variation, including number of alleles (N A ), expected heterozygosity (H E , Nei's unbiased gene diversity), and the inbreeding coefficient (F IS ), were calculated using FSTAT (ver. 2.9.3; Goudet, 2002) , while observed heterozygosity (H O ) was calculated using GENEPOP. The program HP-RARE (ver. 1.1; Kalinowski, 2005) was used to calculate allelic richness (A r ) and private allelic richness (PA r ) for each sampling location, providing information on genetic variation independent of sample size. Global tests for deviations from Hardy-Weinberg equilibrium (HWE) were performed using GENEPOP (ver. 4.2; Rousset, 2008) for each sampling location and each locus, using Fisher's method to summarize multiple tests. 2011b) and from two lakes in the Hornaday River system. In the Hornaday River system, although we attempted to collect juvenile char via electro-fishing from several different lakes (e.g., Seven Islands Lake, Rummy Lake, and the lakes draining George, First, and Second Creeks), we were successful only in two unnamed lakes that drain a creek to the stretch on the Hornaday River known as the Coalmine-Akluk reach (Harwood and Babaluk, 2014) . Hereafter, these lakes are referred to as LAKE-A and LAKE-B (Table 1) . Electro-fishing was not practical on the main stem of the Hornaday River given the size and depth of the river and the gradient of the banks. Juvenile char were targeted because they are highly unlikely to be strays, as might be expected from anadromous adults (Moore et al., 2013; Harris et al., 2014) . When possible, we collected juveniles from multiple locations within the lake or from streams. However, in the Hornaday River proper, where we were unable to collect juveniles, it was necessary to use adult Arctic char as baseline samples under the assumption that they were homing to natal habitats for spawning or overwintering, and not strays from another river system that were overwintering in the Hornaday (see Moore et al., 2013) . Therefore, we included archived samples of Hornaday River adult Arctic char collected in 1986 and more recent samples collected in 2011, the latter of which were provided by subsistence harvesters from Paulatuk. Adult samples from the Hornaday River consisted primarily of mature fish (1986 = 23 resting and 15 current year spawners; 2011 = all current-year non-spawners) although some immature fish were also included (1986 = 11). Coastal samples (collected from the subsistence fishery) were currentyear non-spawners collected annually from sites near the Brock (at Lasard Creek: LAS-10, LAS-11 and LAS-12) and Hornaday estuaries (HORN-09, HORN-10, HORN-11 and HORN-12, Table 1 ). We preserved fin clips or muscle tissue in 95% ethanol prior to DNA extraction using Qiagen DNeasy tissue extraction kits (Qiagen Inc., Valencia, CA) following manufacturer protocols.
GENEPOP was also used to test for genotypic linkage disequilibrium for all combinations of locus pairs within sampling locations. The results from all tests were compared with an adjusted alpha (α = 0.05) following the False Discovery Rate (FDR) procedure (Narum, 2006) . Given that some of our samples consisted of juvenile individuals collected in presumed freshwater rearing habitats, we conducted sibship analyses to assess the potential collection of related individuals (e.g., full-sibs), which could bias our results (a phenomenon known as the Allendorf-Phelps effect; Waples, 1998) . To do so, we used the software COLONY (ver. 2.0; Wang and Santure, 2009 ) to identify likely siblings on the basis of their multilocus genotypes. For this analysis, we incorporated a microsatellite scoring error rate of 2% and assumed male and female polygamy with the potential for inbreeding. Medium-length runs and medium-likelihood precision were employed. When full-sibs were identified (i.e., "BestML" full-sibs only), we removed all but one randomly selected sibling. This resultant data set was used for all subsequent analyses.
Genetic differentiation among putative baseline sampling locations was assessed in several ways. First, log-likelihood (G)-based exact tests (Goudet et al., 1996) were used to test for genetic differentiation among baseline sampling locations over all loci combined, using default values in GENEPOP. Next, differentiation was assessed by calculating Wright's fixation index (F ST ). Global F ST (theta (θ), Weir and Cockerham, 1984) was first generated in FSTAT, and the 95% CIs of the estimates were calculated using a bootstrap procedure following 10 000 permutations. Next, we calculated pairwise differentiation (θ) among baseline sampling locations using the program ARLEQUIN (ver. 3.5; Excoffier et al., 2005) , with the significance of the estimates determined using 10 000 permutations.
Genetic stock structure was then visualized in two ways, since various approaches may lead to different conclusions regarding contemporary genetic structure (e.g., Waples and Gaggiotti, 2006; Frantz et al., 2009) . First, we used Jombart's discriminant analysis of principal components (DAPC; Jombart et al., 2010) in the R (ver. 2.12.1; R Development Core Team, 2010) package adegenet (Jombart, 2008) to evaluate levels of support for different numbers of potential distinct genetic clusters in the absence of a priori population designations. This multivariate approach first uses the find.clusters function (a sequential k-means clustering algorithm) on data that have been transformed using principal component analyses (PCA). The Bayesian Information Criterion (BIC) is then used to infer the most likely number of clusters (i.e., K with the lowest BIC value is ideally the optimal number of genetic clusters). We visually examined BIC values to identify values for the number of genetic clusters (K) beyond which BIC values decreased only subtly, as suggested by Jombart et al. (2010) . We then used DAPC to perform a discriminant analysis on the retained principal components. Both DAPC analyses retained 100 principal components (PCs) that accounted for over 95% of the total genetic information as predictors for discriminant analysis (DA).
Next, we attempted to identify clusters of genetically related individuals across our study area using the Bayesian clustering method implemented in STRUCTURE (ver. 2.3.1; Pritchard et al., 2000) , which also does not require a priori delineation of genetic clusters. STRUCTURE attempts to cluster individuals by minimizing Hardy-Weinberg and gametic disequilibrium (Pritchard et al., 2000) , but may fail to resolve complex patterns of structuring such as isolation by distance (Jombart et al., 2010) and hierarchical genetic structure (Evanno et al., 2005) . Ten independent STRUCTURE runs were executed for each of K = 1-10 based on the admixture model with correlated allele frequencies, using a burn-in and Markov Chain Monte Carlo (MCMC) of 250 000 replicates each. The most likely number of clusters, given our multilocus genetic data, was determined by examining the estimated log probability of the data (LnP[D]) and the second order rate of change in log probability between successive K values (Evanno et al., 2005) . To process the output, we first used STRUC-TURE HARVESTER (ver. 0.6.91; Earl and vonHoldt, 2012) and then CLUMPP (ver. 1.1; Jakobsson and Rosenberg, 2007) , using 1000 permutations under the LargeKGreedy algorithm, to assess the best alignment of replicate runs. Finally, we used the program DISTRUCT (ver. 1.1; Rosenberg, 2004) to visualize the admixture plots based on the best alignment.
Before performing GMA to estimate proportional contributions of Hornaday and Brock River Arctic char to the Darnley Bay subsistence fishery, we used a series of assignment tests to refine our baseline and coastal fishery samples. The accuracy of GMA and the estimation of common genetic parameters will suffer if unsampled ("ghost") baseline stocks exist that have not been included in the analyses (Beerli, 2004; Waples and Gaggiotti, 2006) . Such omissions may lead to erroneous conclusions regarding contributions to harvest and subsequently hinder effective management. Given the geography of the region and the proximity of the next known Arctic char-bearing rivers (Horton River, approximately 340 km west of Paulatuk and the Coppermine River, about 630 km east of Paulatuk), it is most likely that the majority of Arctic char harvested in Darnley Bay coastal fisheries do originate from the Hornaday and Brock Rivers. However, to assess whether any of the coastal samples used in this study may have arisen from an unsampled contributing stock, we employed an assignment test-based approach in the program GENECLASS2 (ver. 2.0; Piry et al., 2004) . Specifically, coastal samples were assigned to baseline samples using the Bayesian approach of Rannala and Mountain (1997) and the re-sampling procedure of Paetkau et al. (2004) . We employed a probability threshold of α = 0.05, below which the individual was inferred to have arisen from an unsampled stock. Finally, given that we were unable to sample juvenile individuals from the Hornaday River system, we performed self-assignment tests (following the same computational methods used above) on our Hornaday River baseline to assess the potential for "stays" (Arctic char that were not of Hornaday River origin).
Mixed-stock fishery analyses were performed using the genetic stock identification program ONCOR (Kalinowski et al., 2007) to estimate the proportional contributions of our baseline sampling locations (i.e., those in Brock and Hornaday River systems) to subsistence fisheries in Darnley Bay. ONCOR, which implements a conditional maximum likelihood approach (Millar, 1987) , is reportedly more accurate than other available programs when performing GMA in situations where differentiation among baselines is relatively small (e.g., F ST < 0.01, Araujo et al., 2014) . As a first step in evaluating the accuracy of GSI and GMA, given our baselines, we performed simulations of mixtures of fish originating from our baseline sampling locations (i.e., 100% simulations). In this simulation, a fishery sample is simulated in which all of the individuals are from the baseline sampling location being evaluated (i.e., by randomly drawing allele frequencies calculated from the baseline sample). ONCOR then uses maximum likelihood to estimate the proportion of the simulated fishery sample that is correctly allocated back to the baseline sampling location of origin. Values close to one suggest that the baseline sampling locations should perform well in GSI and GMA, and values over 0.9 are typically considered robust for management applications (Seeb et al., 2000) . For this analysis we ran 1000 simulations, sampled 1000 individuals from the fishery, and used the empirical baseline sample sizes (and in this case, the method described by Anderson et al. (2008) to estimate mixture genotypes frequencies), followed by sizes of 100 and 200 to assess the impact of increasing baseline sample sizes (using the reduced-variance estimate method of Kalinowski et al. (2007) to estimate mixture genotypes). Mixture proportions (including 95% confidence intervals) for each coastal subsistence fishing location and each year sampled (see Table 1 ) were then estimated by bootstrapping baseline (as per Rannala and Mountain, 1997) and fishery (mixture) samples 1000 times.
RESULTS
The results of the MICROCHECKER analysis consistently identified three loci potentially exhibiting null alleles or other scoring errors: Sco109, Sco212, and Sco218. Those loci were thus eliminated (along with the monomorphic Smm21) from all subsequent analyses. Thus in total, 987 individuals were collected from eight localities (two of which included coastal mixed-stock fishery sampling locations, Table 1 ; Fig. 1 ) and genotyped across 14 microsatellite loci, all of which were polymorphic. Overall genetic variation was relatively high, and descriptive statistics for each sample for each locus are shown in Online Table S2 . The number of alleles (N A ) per locus ranged from 2 (Sfo18) to 57 (Sco216) and averaged 19.71 across all loci. Expected heterozygosity (H E ) ranged from 0.34 (Sfo18) to 0.90 (Sco220) and averaged 0.72 across all loci. Within sample locations, N A averaged across all loci ranged from 6.36 in the LAKE-B sample to 15.86 in the 2011 Lasard Creek coastal sample (LAS-11) ( Table 2) . Allelic richness (A R ; 100 genes from each sample) averaged across all loci ranged from 6.14 in the LAKE-A sample to 12.29 in the HORN-B sample, and PA R ranged from 0.07 in the LAS-12 sample to 0.50 in the 2012 Hornaday coastal sample (HORN-12). Conformation to HWE was not rejected for any sampling location or for any locus. Significant genotypic linkage disequilibrium was detected in 98 of 1184 location-locus-pair comparisons, and only 32 comparisons remained significant after FDR adjustments of alpha (adjusted α = 0.0065).
Log-likelihood (G)-based exact tests of population differentiation suggested that most sampling locations are significantly differentiated from each other (p < 0.05, Table 3 ). Fourteen of the 15 comparisons of population pairs were significant both before adjustments of alpha based on the FDR procedure (p < 0.05) and afterwards (with adjusted α based on FDR = 0.0151). The only non-significant comparison involved that between the HORN-A and HORN-B baseline sampling locations. Global F ST among baseline sampling locations was relatively high (θ = 0.117; 95% C.I. = 0.097-0.142), and pairwise values of F ST (θ) ranged from virtually no apparent differentiation (between HORN-A and HORN-B) to 0.264 between LAKE-A and LAKE-B (Table 3) . Interestingly, all F ST comparisons that included the LAKE-A and LAKE-B samples showed noticeably greater differentiation than all other comparisons. This result may relate either to the lack of population connectivity for these samples with our anadromous sampling locations or to unique life history characteristics (i.e., potential freshwater-resident stocks) that exist in these sampling locations. We expand on these potential scenarios below.
We used DAPC to visualize genetic structure among baseline sampling locations, the results of which clearly resolved four genetic clusters (Fig. 2) . All LAKE-A samples were assigned to cluster 1, and all LAKE-B samples were assigned to cluster 3 (Fig. 2) . Clusters 2 and 4 were clearly admixed with individual Arctic char from both the Brock and Hornaday River baseline samples (Fig. 2) . Bayesian clustering implemented in STRUCTURE clearly revealed four genetic groups as the most likely number of clusters (i.e., K = 4, ΔK = 114.66, Online Table S3 ) following the approach of Evanno et al. (2005) . LAKE-A and LAKE-B appear clearly divergent, as were BRK-A and BRK-B (Fig. 3) . Admixture appeared to be evident among the Hornaday River proper sampling locations (Fig. 3) .
Assignment tests implemented in GENCLASS2 confidently assigned the majority of coastal fishery samples to either the Brock or the Hornaday River system. Samples identified as originating from a population not included in the present study (three from the LAS-10 fishery sample and two from the LAS-11 fishery sample, p < 0.05) were removed from the genetic mixed-stock analysis. Additionally, the assignment tests indicated that no coastal sample could confidently be assigned to either the LAKE-A or LAKE-B baseline sampling location (probability of ~0.00 in all cases). This result, coupled with the elevated levels of genetic differentiation between these sampling locations and the other anadromous baselines, suggests that alternative life history tactics may be present in this system (i.e., they may represent landlocked or freshwater-resident stocks that do not contribute Arctic char to the coastal fishery, see Discussion). Therefore, we also removed LAKE-A and LAKE-B as baselines from the GMA. One individual from the Hornaday River baseline identified as a stray (probability of Hornaday River origin < 0.05) was also subsequently removed from the GMA. Furthermore, given the lack of significant differentiation (as indicated between non-significant F ST and genotypic differentiation) between Hornaday River baselines (i.e., 1986 and 2011), these samples were pooled for subsequent GMA (see Waples, 1990) . Brock River baselines were not pooled for GMA given the significant genetic structure observed between the baselines from that system.
Overall, the results of the 100% simulations revealed that our baseline samples have relatively high power for GSI and GMA. Values of more than 0.9 were obtained for the Hornaday River baseline and BRK-B in the 100% simulations (Online Table S4 ). The proportion of simulated fishery samples assigned back to the BRK-A sample was 0.731. Increasing sample sizes slightly increased the proportion of fish assigned back to their baseline sampling location of origin, which suggests that our study would have benefited moderately by including larger baseline sample sizes, and this approach should be considered for future years of study in this system.
Overall, the GMA revealed that Arctic char from both the Brock and Hornaday River systems contribute to the subsistence fisheries in Darnley Bay, although there was some moderate variation in the contributions to the fishery among years and harvest locations (Table 4 ). In general, however, the harvest was dominated by Arctic char from the Hornaday River system in all study years and locations. For instance, in 2009-12, the Hornaday River annually contributed 83.5%, 76.6%, 96.4%, and 89.1% respectively, to the Hornaday River coastal fishery, and in 2010-12, it contributed 50.9%, 92.4%. and 77.6%, respectively, to the Lasard Creek coastal fishery (Table 4 ). It should be noted that the LAS-10 coastal fishery sample was quite small (N = 19); therefore, the contribution of ~51% from the Hornaday River should be interpreted with caution. Overall, the Brock River baseline sampling location BRK-B contributed the least to both coastal fisheries, with contributions of 5.2% at Lasard Creek in 2011 and 2.4% at the Hornaday coastal fishery in 2011. 
DISCUSSION
Despite the importance of Arctic char to numerous commercial, recreational, and subsistence fisheries in the Canadian Arctic, fine-scale assessments of genetic stock structure in this species are only recently being completed (e.g., Moore et al., 2013; Harris et al., 2014, in press ; but see Bernatchez et al., 1998 for an example from the Labrador coast). Our study represents the first assessment of genetic stock structure in Arctic char from the Darnley Bay region of the Northwest Territories, focusing on the two river systems contributing to an important fishery for the community of Paulatuk. Overall, this study revealed significant genetic structure between the baseline sampling locations assessed, similar to that which has been reported in other areas of the Canadian Arctic (Moore et al., 2013; Harris et al., 2014) . We did, however, find elevated levels of genetic divergence that were greater than expected on the basis of geographic distance alone (e.g., the ~6 km fluvial distance between the LAKE-A and LAKE-B samples), which suggests the existence of differing life history variants (e.g., landlocked or freshwater-resident) of Arctic char in the Hornaday River system, as discussed below. Finally, we were able to perform GMA on coastal samples using baseline samples from the Hornaday River and Brock River systems, the results of which showed that the FIG. 2. Scatterplots of the first two principal components of the discriminant analysis of principal components (DAPC) among the baseline sampling locations (i.e., excluding coastal, mixed-stock fishery samples). Sequential K-means clustering identified four groups (i.e., K = 4) as the most likely number of clusters based on the Bayesian Information Criterion (BIC) for the analysis including only the baseline samples. The scatterplot shows the clustering of individual Arctic char (dots) into the groups represented by the inertia eclipses. Eigenvalues of the analysis are shown in the insets. Online Table S3 . For key to sampling location codes, see Table 1 and Figure 1. composition of the harvest was slightly variable depending on year and fishing location. Additionally, it became clear that the coastal subsistence fisheries in Darnley Bay, regardless of year or fishing location, primarily harvested Hornaday River Arctic char. This finding is consistent with local traditional knowledge: residents of Paulatuk have long acknowledged that their subsistence fishery is a mixedstock fishery comprising both Brock and Hornaday River fish, but that the harvest is dominated by the latter (Noel Green, Paulatuk resident, pers. comm. 2016). Overall, the results of this study are important to better our understanding of Arctic char biodiversity as it pertains to intra-specific life history variation in Canada's Arctic and to highlight the utility of GMA in identifying contributions to harvest in coastal areas where stocks mix.
Genetic Stock Structure and the Potential for Variant Life Histories
Understanding diversity in Arctic char as it pertains to life history, as well as historical and contemporary genetic variation, is important for documenting and subsequently monitoring regional biodiversity in a rapidly changing Arctic (Reist et al., 2006 (Reist et al., , 2013 Schwartz et al., 2007) . Our genetic data lend support to the possibility that some sampling locations support Arctic char life history variants that are different from the anadromous forms in the region (see for example MacDonell, 1996 MacDonell, , 1997 Babaluk et al., 1998; Reist et al., 1997) . Specifically, the degree to which some of our samples are genetically differentiated provides further support (see Babaluk et al., 1998) for the presence of additional life history variants (e.g., freshwater-resident or landlocked Arctic char), in addition to the anadromous life history form, in the Hornaday River drainage. For example, values of F ST between our LAKE-A or LAKE-B samples and known anadromous samples ranged from 0.141 to 0.204, which is magnitudes higher than values in comparisons between known anadromous samples used in this study and in other anadromous stocks of Arctic char from other regions in the Canadian North (Moore et al., 2013; Harris et al., 2014, in press ). For example, pairwise estimates of F ST among samples of anadromous Arctic char from Cumberland Sound averaged ~0.02-0.04 (Moore et al., 2013; Harris et al., 2014) and in the Cambridge Bay region of Nunavut, estimates were even lower (~0.01-0.02, Harris et al., in press) . Additionally Bayesian clustering and DAPC analyses clearly highlight the divergence of the LAKE-A and LAKE-B samples from known anadromous or coastal samples. Thus, the larger-than-expected values of F ST in comparisons of LAKE-A or LAKE-B to anadromous samples, coupled with the clear divergence highlighted in our clustering analyses, likely reflect a lack of gene flow between Arctic char in these lakes and the anadromous Hornaday River individuals. This result may be due to the existence of freshwater-resident char that opt to forego marine migrations and are reproductively isolated from their anadromous counterparts or to physical barriers to migration that prevent gene flow between these groups (i.e., LAKE-A and LAKE-B represent landlocked stocks of Arctic char). Indeed, the Arctic char exhibits marked phenotypic, ecological, and life history diversity throughout its range (Klementsen, 2010; Reist et al., 2013) and is arguably the most diverse salmonid (Muir et al., 2015) . Further, freshwater-resident Arctic char have been confirmed in the Brock River system through the use of otolith microchemistry (Roux et al., 2011b) and non-anadromous forms are also known in other lakes (e.g., Seven Islands and Rummy Lakes) in the Hornaday River system (McDonnell, 1996 (McDonnell, , 1997 . Indeed, Babaluk et al. (1998) confirmed nonanadromous Arctic char in the Hornaday River system using otolith microchemistry, so the additional life history variation suggested in this study is well aligned with previous observations. Previous genetic assessments undertaken in the Canadian Arctic (e.g., in Cumberland Sound on Baffin Island) have found non-significant differentiation between freshwater-resident and anadromous forms , which suggests that the existence of variable forms in some Canadian Arctic systems may indicate conditional mating tactics (one genotype can give rise to two alternative mating tactics, such as residency vs. anadromy; Hendry et al., 2004) , rather than the existence of reproductively isolated populations . Similar results have also been confirmed in the closely related northern Dolly   TABLE 4 . Results of the genetic mixed-stock analysis (GMA) generated in ONCOR (Kalinowski et al., 2007) , showing the estimated percent annual contributions of source stocks of Arctic char (Salvelinus alpinus) to coastal fisheries at the mouths of the Hornaday River (HORN) and Lasard Creek (LAS) in Darnley Bay, Northwest Territories. The values represent the average estimated percent contributions and the 95% confidence interval. For key to sampling location codes, see Figure 1 and Table 1 ris et al., 2015) . In our study, we document remarkably high differentiation, thus refuting the hypothesis of conditional mating tactics. Therefore, LAKE-A and LAKE-B Arctic char must be either freshwater life history variants that are reproductively isolated from Hornaday River anadromous Arctic char, even if they do exist in sympatry, or landlocked stocks with no potential for gene flow in and out of these systems. We argue for the latter, given that, to our knowledge, reproductively isolated freshwater and anadromous forms living in sympatry have yet to be documented in the Canadian Arctic, and it is presumed that anadromous Arctic char spawn in the main stem of the Hornaday River (Harwood and Babaluk, 2014) . Additionally, many of the tributary lakes in the Hornaday River system are inaccessible to anadromous Arctic char because of steep gradients and minimal or non-existent flows (MacDonell, 1996 (MacDonell, , 1997 . Ground-truthing would be required to confirm that this is also true for LAKE-A and LAKE-B but aerial observations did not lead us to suspect these lakes were inaccessible. Finally, our values of genetic differentiation between the LAKE-A/LAKE-B samples and anadromous samples are consistent with those reported between other landlocked or isolated and anadromous salmonines (Harris et al., 2015; May-McNally et al., 2015) . Additional work, however, is required to confirm whether LAKE-A and LAKE-B are truly landlocked stocks that are physically isolated from anadromous Hornaday River Arctic char or whether they are freshwater-resident forms that are reproductively isolated from anadromous char in the region. Documenting and further understanding Arctic char diversity in the region will be important for understanding how char biodiversity is generated and maintained (Reist et al., 2013) while providing baseline information on the distribution of char stocks in the region.
Mixed-stock Analysis of Darnley Bay Arctic Char
Genetic mixed-stock analysis using GSI has become an important tool for helping fisheries managers understand proportional contributions to harvest in areas where discrete stocks are being exploited simultaneously (e.g., Habicht et al., 2010; Harris and Taylor, 2010; Beacham et al., 2011 Beacham et al., , 2012 Bradbury et al., 2016) . The results of our GMA demonstrate that while both the Brock and the Hornaday River stocks contribute to the Darnley Bay subsistence fishery, overall catches are clearly dominated by fish from the Hornaday River, highlighting the importance of this system. Furthermore, we also found that contributions to harvest varied slightly among harvest locations in Darnley Bay and among years examined. The accuracy of mixture analysis, and assignment tests in general, is influenced by several factors, including the baseline and mixture sample sizes, the number of loci used, the polymorphism of the loci used, and the level of differentiation (i.e., F ST ) among sampling locations (Cornuet et al., 1999; Pella and Masuda, 2001; Kalinowski, 2004) . Differentiation among baseline samples in the present study was relatively low, and some of our baseline sample sizes were relatively small (N < 30), both of which may have reduced the accuracy of our mixture analysis (e.g., Cornuet et al., 1999) . However, the number of loci examined and the variability of these loci should suffice for the accurate estimation of mixture proportions (Cornuet et al., 1999; Kalinowski, 2004) . This conclusion, coupled with the results of the 100% simulations for assessing power, suggests that our results are valid. Additionally, most estimates in our GMA were associated with relatively small standard deviations, which also suggests that our results are accurate.
That the Hornaday River system contributed more fish to the subsistence harvest of Arctic char in Darnley Bay than the Brock system is not overly surprising, for several reasons. The geographic extent of the Hornaday system is much greater than the Brock system (approximately 3:1, respectively), which may translate to substantial differences in population sizes between the two systems. Furthermore, although suitable Arctic char habitat has not been quantified directly in both systems, Roux et al. (2011b) suggest that Brock Lake has low productivity and relatively limited fish habitat potential primarily because of its small size (2.5 km 2 ) and volume (0.02 km 3 ). This situation has implications for Arctic char carrying capacity, and several studies have documented associations between habitat size and population size (Frankham, 1996; Hänfling and Brandl, 1998; Castric et al., 2001) . Although abundance estimates are not available for the Brock system, Roux et al. (2011b) suggested, on the basis of low catch-per-unit-effort (CPUE), that the population is likely very small. A test fishery at the Brock River also suggested that Arctic char exist in small numbers in this system (MacDonell, 1988) . Alternatively, a conduit weir (i.e., counting fence) operated on the Hornaday River, albeit more than two decades ago, estimated the Arctic char population size in that system to be between 15 000 and 16 000 individuals (MacDonell, 1986; DFO, 1999) . Finally, there is also evidence to suggest that Arctic char captured in the Brock River system may be of Hornaday River origin. For example, results of otolith microchemistry indicate that Hornaday and Brock River anadromous char are strikingly similar in ecology and life history traits (e.g., age-at-first-migration and frequency of migration to sea), which suggests that they could be from the same stock (Roux et al., 2011b) . This finding corroborates previous Floy-tagging evidence that documented movement of Arctic char between these two systems (Roux et al., 2011b) and suggests that they do not constitute distinct stocks. More recently, however, radio-telemetry data did not find movement of Arctic char between the Hornaday and Brock systems, although some of the Hornaday-tagged char were captured along the eastern coast of Darnley Bay in the Lasard Creek area (Harwood and Babaluk, 2014) , which may also explain the high contributions of Hornaday fish in that area. All told, the results of our GMA point to the importance of Hornaday River Arctic char to the subsistence harvest of this species in Darnley Bay, and we suggest this importance is likely due, at least in part, to the greater population size in the Hornaday River stock.
CONSERVATION IMPLICATIONS AND CONCLUSIONS
To our knowledge, this study represents the first genetic assessment of Arctic char in the region and the first GMA for this species. We documented significant genetic distinction between char stocks located within the two primary river systems adjacent to Darnley Bay-the Hornaday and Brock Rivers-and conclude that both of these stocks contribute to coastal fisheries in the region. Generally, although there was some minor temporal variation in the proportions of stock contributions, the Hornaday River consistently contributed larger proportions of char annually to both proximate and distal fisheries within the bay, highlighting the importance of this river in the region. The results indicate that future management could be designed around the small-scale genetic differences among baseline stocks at the scale of the river system (i.e., Hornaday and Brock Rivers). A similar management technique for Arctic char has been proposed in Cumberland Sound (see Harris et al., 2014) . Moreover, Dempson and Kristofferson (1987) have proposed the idea of "local stock complexes," which recognizes that a fishery may be harvesting fish from a number of river systems. In our study area, recognizing Hornaday River and Brock River char as local stock complexes is warranted since they have been identified as genetically discrete stocks, and the composition of the catch from the coastal fishery at different geographic locations has been determined with sufficient power to support GMA. Furthermore, we provide genetic evidence for the existence of additional life history variation that should be further documented through assessment of other freshwater habitats in the region to compile a complete picture of Arctic char biodiversity in Canada's central Arctic. Confirming and documenting additional life history variation, combined with ongoing efforts to resolve stock contributions to Darnley Bay's mixed-stock fishery, will provide important baselines to use when developing management measures and future monitoring programs. Management and monitoring are of paramount importance in regions such as Darnley Bay, where mineral exploration and development can be anticipated (Darnley Bay Resources Limited, 2013; Gavrilchuk and Lesage, 2014) . All told, the results of this study should prove important when updating the Paulatuk Charr Management Plan, which is now more than 15 years old.
APPENDIX 1
The following tables are available as a supplementary file to the online version of this article at: http://arctic.journalhosting.ucalgary.ca/arctic/index.php/ arctic/rt/suppFiles/4578/0 TABLE S1. Polymerase chain reaction (PCR) information. TABLE S2. Basic descriptive statistics for 14 microsatellite loci for the eight Darnley Bay and Hornaday and Brock River Arctic char sampling locations. Average number of alleles per locus (N A ), expected (H E ) and observed (H O ) heterozygosities, inbreeding coefficient (F IS ), allelic richness (A R ), and private allelic richness (PA R ) are shown for each sampling location for each locus and the averages over all loci. For key to sampling location codes, see Table 1 and Figure 1 . A R and PA R calculated from a sample of 100 genes. TABLE S3. STRUCTURE (Pritchard et al., 2000) results showing the mean log-likelihood values (LnP[D]) for different hypothesized numbers of genetic populations (K) and the mean value of the ΔK statistic of Evanno et al. (2005) . Red values represent the most likely number of genetic groups indicated by ΔK. Dashes = not applicable, given that ΔK cannot be calculated for these values of K. Results of the STRUCTURE analysis are also shown in Figure 3 . TABLE S4. Results of the 100% simulations performed using the program ONCOR (Kalinowski et al., 2007) to evaluate the power of our baseline sampling locations for genetic stock identification (GSI) and subsequent mixedstock fishery analysis, using empirical baseline sample sizes and simulated sizes of 100 and 200. This analysis creates simulated mixture and baseline samples by randomly drawing allele frequencies from each baseline (i.e., 100% of the simulated mixture is from one baseline population). ONCOR then estimates the proportion of the simulated mixture sample that is assigned back to the baseline. Values close to 1.0 suggest that the baseline sampling location performs well in GSI, and values greater than 0.9 are suggested to be informative for management purposes.
